The embryotoxicity of co-planar PCBs is regulated by the aryl hydrocarbon receptor (Ahr), and 20 has been reported to involve oxidative stress. Ahr participates in crosstalk with another 21 transcription factor, Nfe2l2, or Nrf2. Nrf2 binds to antioxidant response elements to regulate the 22 adaptive response to oxidative stress. To explore aspects of the crosstalk between Nrf2 and Ahr 23 and its impact on development, we used zebrafish (Danio rerio) with a mutated DNA binding 24 domain in Nrf2a (nrf2a fh318/fh318 ), rendering these embryos more sensitive to oxidative stress. 25 Embryos were exposed to 2 nM or 5 nM PCB126 at 24 hours post fertilization (prim-5 stage of 26 pharyngula) and examined for gene expression and morphology at 4 days post fertilization (dpf; 27 protruding -mouth stage). Nrf2a mutant eleutheroembryos were more sensitive to PCB126 28 toxicity at 4 dpf, and in the absence of treatment also displayed some subtle developmental 29 differences from wildtype embryos, including delayed inflation of the swim bladder and smaller 30 yolk sacs. We used qPCR to measure changes in expression of the nrf gene family, keap1a, 31 keap1b, the ahr gene family, and known target genes. cyp1a induction by PCB126 was 32 enhanced in the Nrf2a mutants (156-fold in wildtypes vs. 228-fold in mutants exposed to 5 nM). 33
4 heart malformations, and reduced swim bladder inflation; these deformities have been shown to 96 be primarily regulated by Ahr2 (Garner, et the oxidative stress response is defined as the resulting changes in gene expression that serve 108 to mitigate the oxidative challenge (Hahn et al., 2014) . Despite the many studies that 109 demonstrate an oxidative stress response to these co-planar PCBs and dioxins, there have also 110 been studies that have failed to identify an oxidative stress response. In zebrafish for example, 111 while nrf2a has been shown to be up-regulated by TCDD (Hahn, et al., 2014) , zebrafish 112 embryos sampled immediately after a 6 h exposure to TCDD showed no evidence of altered 113 expression of other genes typically found in the oxidative stress response at 4 dpf, and there 114 was an increase in gstp1 expression only after 48 h of a TCDD exposure that began at 24 hours 115 post fertilization (hpf) (Hahn, et al., 2014 ). An oxidative stress response was not observed in 116 response to TCDD at least two other studies (Alexeyenko et al., 2010; Wang et al., 2013) . This 117 may be due to many factors including differences in timing, dose, developmental stage, species 118 sensitivity to Ahr ligand binding, or exposure duration, or it is possible that ROS generation may 119 not always be sufficient to alter redox signaling or activate an oxidative stress response. 120 121 Nrf2 has been designated the "master regulator" of the adaptive response to oxidative stress 122 (Ohtsuji et al., 2008) . Nrf2 is a basic-region leucine zipper transcription factor that is 123 constitutively and ubiquitously expressed and bound to Kelch-like ECH-associated protein 1 124 in that they display normal development and reproduction and enhanced sensitivity to oxidants 147 (Mukaigasa, et al., 2012) . nrf2a fh318 larvae are more sensitive to oxidative stress, but no 148 morphologic or growth differences between Nrf2a mutant vs. wildtype larvae or adults have 149 been identified (Mukaigasa, et al., 2012) . protein complexes with both NRF2 and KEAP1 that contributed to the stability of NRF2 and 158 subsequent ARE-activation (Wang, et al., 2013) . However, the interactions of these pathways 159 have not been thoroughly studied during embryonic development, which is a critical time for 160 chemical sensitivity that is fundamentally different than adult physiology. 3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64 Welfare Assurance Number A3551-01). 210
Genotyping 211
To identify mutant (nrf2a fh318 ) and wildtype alleles (nrf2a + ), we isolated DNA from individual fish 212 fin clips using standard methods. Briefly, the fin was digested with proteinase K overnight, then 213 subjected to a phenol-chloroform DNA extraction. DNA was quantified using a BioDrop μLITE 214 (BioDrop, Cambridge, UK), and only samples that met quality control standards (260/280 ratio 215 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 8 in an amino acid change from an R to an L at amino acid 485. The restriction enzyme cut the 227 wildtype sequence resulting in two bands, at 530 and 305 bp, while the mutant sequence 228 remained uncut. To visualize the bands, 10 µL of the reaction was mixed with 4 µL of 229
MaestroSafe loading buffer (MaestroGen, Las Vegas, NV, USA), run on a 2% agarose 230 electrophoresis gel, and imaged on a Syngene Pxi (Syngene, Frederick, MD, USA). 231
Cloning of Nrf2a alleles 232
To assess the functional consequences of the nrf2a point mutations in vitro, we amplified the 233 full-length nrf2a fh318 and nrf2a fh319 cDNAs, cloned them into pcDNA and verified the sequences. 234
To clone these mutant genes, total RNA was isolated from the fin of one nrf2a fh318 mutant fish 235 and 20-pooled embryos collected from nrf2a fh319 mutant fish using STAT-60 (Tel-Test, Inc., 236
Friendswood, TX, USA). Total RNA isolated from embryos collected from nrf2a fh319 fish 237 containing the wild-type allele (as determined through fin-clipping and genotyping) was used as 238 the negative control. Total RNA was quantified by Nanodrop (Thermo Fisher Scientific), and 239 cDNA synthesized using the iScript kit (Biorad, Hercules, CA, USA) from 1 µg of total RNA. 240 PCR was run to amplify the full-length nrf2a gene using primers that incorporated XbaI and 241
HindIII restriction enzyme sites at the 5' end of each primer, facilitating ligation into the pcDNA 242 3.2/DEST vector. Using Advantage II Polymerase (Clontech), the PCR program was as follows: 243 94°C, 1 minute; 5 cycles of 94°C, 30 seconds, 60°C, 15 seconds, 68°C, 2 minutes; 30 cycles of 244 94°C, 5 seconds, 68°C, 2 minutes. PCR products were run on a 1% agarose gel, and the 245 product bands extracted and gene-cleaned (MP Biomedicals, Santa Ana, CA, USA). The gene-246 cleaned PCR products, along with 1 µg pcDNA plasmid DNA, were cut with HindIII/XbaI 247 (Promega, Madison, WI) for 2 h at 37°C. The cut products were again gene-cleaned to remove 248 the restriction enzymes, and the nrf2a fh318 , nrf2a fh319 , and nrf2a + non-mutant allele derived from 249 the fh319 heterozygous line were ligated onto linear pcDNA. These ligations were transformed 250 into JM109 competent cells with resulting transformants spread on LB plates supplemented with 251 ampicillin and incubated overnight at 37°C. Single colonies were picked into 2 ml LB ampicillin 252 liquid cultures and grown overnight at 37°C with shaking. Plasmid mini-preps were made using 253 the Pure Yield Plasmid kit (Promega). To screen for mutants, plasmid DNA from the nrf2a fh318 254 clones was cut with restriction enzyme Hpy99I as described above. Plasmid DNA from the 255 nrf2a fh319 clones was cut with BglII for 2 h at 37°C. Cut products were run on a 1% agarose gel, 256 and clones positive for the insert were sent to Eurofins-MWG (Birmingham, AL, USA) for 257 sequencing. Large plasmid preps (Qiagen, Valencia, CA, USA) were made from the nrf2a-318-2 258 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 10
PCB Exposure 289
The model Ahr ligand used in this study was PCB126. At 24 hpf (prim-5 of the pharyngula 290 stage, hereforth referred to as 24 hpf as per staging by (Kimmel et al., 1995) ), embryos were 291 exposed for 24 h in triplicate pools of 5 embryos per dose, in 20 mL glass vials. DMSO 292 concentration was 0.01 % in both control and PCB-treated embryo groups, in a total volume of 293 10 mL 0.3x Danieau's water. The concentrations of PCB126 included 2 nM and 5 nM. At 4 dpf 294 (protruding mouth stage, hereforth referred to as 4 dpf), embryos were either imaged for 295 morphology, or fixed in 100 µL of RNA later (Ambion, Life Technologies, Grand Island, NY, 296 USA) and stored at -80°C until RNA extraction. Morphology experiments were repeated three 297 times; two of these were analyzed at 4 dpf, and a third at 5 dpf. 298
Morphometrics 299
At 4 dpf, eleutheroembryos were mounted in 3% methylcellulose and imaged on a Zeiss 300 dissecting microscope with a Zeiss AxioCam MR Color CCD camera at 50x magnification 301 (Zeiss, Peabody, MA, USA). Zeiss Axiocam software was used to take measurements of the 302 pericardial area, an assessment made as to whether the swim bladder was inflated, and a 303 deformity score assessing the truncation of Meckel's cartilage was given using previously 304 established parameters that incorporate both frequency and severity (Harbeitner et al., 2013) . 305
The ventral-dorsal distance was measured by dropping a straight line from the third somite to 306 the bottom of the yolk sac. 307
To measure the yolk area of early stage embryos, 19 nrf2a +/+ and 20 nrf2a fh318/fh318 blastula-stage 308 embryos (3 hpf), embryos were imaged on an EVOS Auto FL at 100x magnification. To 309 standardize measurement of yolk sacs, the diameter was measured twice. The first 310 measurement began at the edge of the yolk sac closest to the center of the embryonic cell 311 mass, and this line extended to the furthest point across the yolk sac. The second diameter 312 measurement was of the line perpendicular to the first one. The volume for an ellipse was used 313 to calculate yolk sac area: A = πab, where "a" is the radius of one measurement, and "b" is the 314 radius of the other (0.5*diameter qPCR data were analyzed using the Bio-Rad CFX Manager Software, Version 3.0 (Bio-Rad). 334
The ∆∆C T method was used to calculate fold change compared to β-actin. Values are presented 335 as mean ± SEM, and N is defined as the number of pools of embryos. Expression of the 336 reference genes (β-actin and elongation factor 1-alpha (ef1a)) was not altered by any of the 337 treatments. 338
Bioinformatics 339
Genes that were measured by qPCR were also searched for putative AREs in the region from 340 
Statistical Analysis 348
Statview for Windows (version 5.0.1; SAS Institute, Cary, NC, USA) was used to determine 349 differences among the data. Data were log-normalized and subjected to a two-factor ANOVA for 350 genotype and treatment, or plasmid and treatment. If an ANOVA yielded significance (p < 0.05), proteins were expressed strongly in COS-7 cells, as measured by Western blot (Fig. 1A) . In the 360 transient transfection assay, wild-type Nrf2a increased luciferase even in the absence of 361 exogenous activator, and there was no additional enhancement in the presence of the Nrf2 362 activator tBHQ (Fig. 1B) . Wild-type Nrf2a activity was repressed by co-transfection of a plasmid 363 expressing zebrafish Keap1a, but only weakly repressed by Keap1b. tBHQ had no effect on the 364 activity of Nrf2a in the presence of Keap1a repression. 365
In contrast to the wild-type Nrf2a, the transcriptional activity of Nrf2a fh318 was greatly diminished, 366 regardless of whether tBHQ was present (Fig. 1B) . A small amount of residual activity was 367 evident, and this was eliminated by co-transfection of Keap1a but only slightly affected by 368
Keap1b. The Nrf2a fh319 protein retained nearly full transactivation activity that was slightly 369 enhanced by tBHQ (Fig. 1B) . Therefore, the Nrf2a fh319 mutant zebrafish line was not used in 370 subsequent experiments. Together, these results suggest that the Nrf2a fh318 allele encodes a 371 Nrf2a protein that is greatly diminished in activity but retains some residual activity, at least in 372 vitro. 373
Nrf2a mutants are more sensitive to PCB126 teratogenesis than wildtype 374

eleutheroembryos. 375
Pericardial edema and craniofacial malformations are some of the best characterized 376 deformities associated with PCB126 and DLC embryotoxicity in fish embryos. To determine 377 whether nrf2a fh318/fh318 mutants were more or less sensitive than wild type embryos to PCB126 378 embryotoxicity, we exposed embryos to 2 nM or 5 nM PCB126 for 1 h from 25-26 hpf, and 379 measured malformations at 4 dpf and 5 dpf (Fig 2 and 3 , respectively). Pericardial edema and 380 jaw deformities were more severe in nrf2a fh318/fh318 eleutheroembryos than in wildtype controls 381 when assessed at 4 dpf (Fig 2) . At 5 nM PCB126, these deformities are present in only a subset 382 of exposed embryos, and wildtype eleutheroembryos did not have a statistically significant 383 3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 13 increase in pericardial edema area at 4 dpf, whereas the mutants exposed to 5 nM PCB126 had 384 nearly twice the pericardial area of controls (Fig. 2D ). The mean jaw deformity score was a 385 more sensitive measure of embryotoxicity, with a significant increase in the deformity score at 2 386 nM in the mutants. A significant increase in jaw deformities was observed in both genotypes at 5 387 nM ( Fig. 2E) . At both exposure concentrations, the jaw deformities in the mutants were more 388 severe and more frequent than those in the wildtype eleutheroembryos. However, at 5 dpf, both 389 the nrf2a mutant and wildtype eleutheroembryos demonstrated similar pericardial and jaw 390 deformity severity (Fig. 3C, Fig. 3D ). 391
We identified two notable developmental differences between the nrf2a fh318/fh318 and wildtype 392 controls. First, ventral-dorsal distance, which was used to estimate yolk usage, was significantly 393 lower in nrf2a fh318/fh318 versus wildtype fish (Figs. 2A, 2B). While the ventral-dorsal distance 394 increased in a PCB dose-dependent manner in both genotypes, reflecting poor yolk sac 395 absorption, it was surprising that the nrf2a mutant DMSO control eleutheroembryos had, on 396 average, a significantly shorter dorsal-ventral distance than age-matched wildtype fish, by 397 approximately 8% at 4 dpf (Fig. 2B ) At 5 dpf, ventral-dorsal distance between nrf2a mutants and 398 wildtype eleutheroembryos remained significantly different (Fig. 3A) . To determine if the shorter 399 dorsal-ventral measurements in the mutant fish was due to nrf2a fh318/fh318 fish laying smaller 400 eggs, we measured the diameter of the yolk in fertilized embryos (3 hpf) from Nrf2a 401 homozygous wildtype or nrf2a fh318/fh318 adults. Surprisingly, mutants had, on average, larger yolk 402 sac areas than the wildtype embryos (p < 0.0001; Fig. 4) . 403
The second notable developmental difference was with respect to the timing of swim bladder 404 inflation. In the mutant fish, only 20% of the DMSO controls had inflated swim bladders at the 4-405 dpf timepoint, compared to 90% of the wildtype DMSO controls. Treatment with PCB126 406 effectively prevented swim bladder inflation in a dose-dependent manner among wildtype fish at 407 4 dpf (25% of embryos treated with 2 nM, and 0% treated with 5 nM; Fig 2C and as previously 408 reported (Jonsson, et al., 2012)). This is in contrast to the nrf2a mutant embryos, where none of 409 the PCB-treated embryos had successfully inflated swim bladders at 4 dpf (Fig. 2C) . However, 410 interpretation of these data was confounded by a 24-h delay in swim bladder inflation among the 411 nrf2a fh318/fh318 eleutheroembryos controls. When assessed at 5 dpf, there were no differences in 412 swim bladder inflation between the control wildtype or mutant nrf2a genotypes (Fig. 3B ). At 5 413 dpf, 80% of DMSO controls had inflated swim bladders, while only 40% of embryos treated with 414 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 14
Regulation of Ahr pathway gene expression by Nrf2a 417
To confirm that the embryos had been effectively dosed with PCB126, we measured induction 418 of cyp1a, a primary biomarker of ligand activation of the Ahr. There was no significant difference 419 in Cyp1a enzyme activity (in vivo EROD activity, data not shown), and no difference in cyp1a 420 gene expression between genotypes in the DMSO control (Fig. 5A ). There was a significant 421 dose-dependent increase in gene expression of cyp1a in response to 2 and 5 nM PCB126 in 422 both genotypes, but the nrf2a mutants had nearly double the induction of cyp1a compared to 423 wildtype fish. 424
To determine whether the enhanced cyp1a induction by PCB126 was due to differential 425 expression of ahr genes, we measured expression of ahr2 (the ortholog that has been 426 demonstrated to regulate co-planar PCB and TCDD embryotoxicity). Expression of ahr2 was not 427 significantly different between the two genotypes at 4 dpf. The expression of ahr2 was induced 428
by PCB126 exposure in a dose-dependent manner and to a similar extent in both mutant and 429 wildtype embryos (Fig. 5B) . 430
Because there have been some reports that cyp1a induction can be regulated by the other ahr 431 genes, ahr1a and ahr1b, we also measured expression of these genes. Expression of ahr1a 432 was similar in control embryos of the two genotypes, but the magnitude of induction following 433 PCB126 treatment differed between genotypes. ahr1a was only inducible in the nrf2a wildtype 434 fish (2.6 and 4.3 fold for the 2 nM and 5 nM exposures respectively, Fig. 5C ); expression of this 435 gene did not change with PCB126 treatment in the nrf2a fh318/fh318 eleutheroembryos at 4 dpf. 436
Similarly, expression of ahr1b was slightly induced by PCB126 in wild type embryos (2-fold with 437 5 nM) but was not induced in the nrf2a mutants (Fig 5D) . Interestingly, the nrf2a mutants had 438 significantly lower basal expression (70-75% lower) of ahr1b compared to the wildtype fish at 439 this stage. 440
Basal expression of the two Ahr repressor genes, ahrra and ahrrb, both tended to be lower in 441 the nrf2a mutants, but this was not statistically significant. Both of these genes demonstrated 442 dose-dependent increases in expression in both genotypes with 2 nM and 5 nM PCB126 443 treatments, but the induction level was greater in the nrf2a wildtype fish (Figs. 5E, 5F ). Wildtype 444 zebrafish showed a 21.5-and 34.6-fold increase in expression of ahrra at the 2 nM and 5 nM 445 PCB126 treatments respectively, compared to 14.5-and 27.5-fold increases in the mutant fish 446 (Fig. 5E ). Inducible expression of ahrrb was not as high as ahrra; wildtype expression increased 447 15 10.4 and 23.9-fold in the wildtypes, and 3.2-and 6.8-fold in the mutants, approximately 10-fold 448 lower than ahrra expression at these doses of PCB126 (Fig. 5F) . 449
Regulation of Nrf-family and Keap genes by Nrf2a 450
The influence of nrf2a function on the expression of other nrf genes was investigated. There 451 were no statistically significant differences in the basal expression of either nrf1a or nrf1b 452 between the wildtype and nrf2a mutant eleutheroembryos (Figs. 6A, 6B ). Both genes were 453 upregulated with PCB126 exposure in the wildtype fish only. Expression of nrf1a was 2-fold 454 greater in the eleutheroembryos exposed to PCB126 treatment (Fig. 6A) . Expression of nrf1b 455 was 4-fold higher in the 2 nM PCB126 exposure group, but not significantly different from 456 controls at the 5 nM concentration (Fig. 6B) , suggesting an inverted-U-shaped curve. We found 457 no difference in basal expression of nrf3 between the wildtype and nrf2a mutant 458 eleutheroembryos, but there was a significant 2-fold induction of nrf3 with PCB126 only in the 459 wildtype embryos (Fig. 6D) . 460
To ensure that transcription of nrf2a was indeed comparable between the wildtype and mutants, 461
we also measured gene expression of nrf2a. There was no significant difference in basal 462 expression between the genotypes, but there was a difference in inducibility by PCB126 (Fig.  463   6C ). The expression of nrf2a was significantly up-regulated in response to PCB126 in both 464
genotypes, but this up-regulation was greater in the wildtype eleutheroembryos (1.7-fold). While 465 nrf2a expression in the mutant embryos was increased by PCB126 exposure, this increase did 466 not exceed the basal levels in the wildtype eleutheroembryos (Fig. 6C) . 467
Expression of both keap1a and keap1b genes, the cytosolic repressors of Nrf2a, tended to be 468 lower in the nrf2a mutant eleutheroembryos, but this was not statistically significant (Figs. 6E, 469 6F). Both were inducible by PCB126 in the wildtype but not nrf2a mutant eleutheroembryos. 470
Expression of keap1a and keap1b increased 2-fold in the wildtype embryos at the 2 nM 471 treatment but only 1.5-fold in the 5 nM treatment. 472
We measured expression of nrf2b, a repressive paralog of nrf2a, and found a dose-dependent 473 increase only in the mutant embryos exposed to PCB126 (5.2-fold and 6.8-fold at the 2 nM and 474 5 nM exposures respectively; Fig. 7A ). We then measured expression of hmox1 and tp53, two 475 genes negatively regulated by Nrf2b (Timme-Laragy, et al., 2012). Expression of hmox1 476 increased 3-fold only in the nrf2a wildtype embryos at 2 nM PCB126, but not at 5 nM (Fig. 7B) . 477
Expression of tp53 did not change significantly with PCB126 exposure in either genotype, 478 although there was a significant difference in the expression levels between the two genotypes 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 16 with the 5 nM treatment (1.5-fold increase in wildtype and 0.7-fold decrease in Nrf2a mutants; 480
Fig. 7C). 481
Measures of oxidative stress responsive genes in PCB126 embryotoxicity 482
To determine whether a transcriptional response to PCB126-induced oxidative stress was 483 evident in this study, we measured three well-established genes characteristic of an oxidative 484 stress response: heat shock protein 70 (hsp70), glutathione-s-transferase pi 1 (gstp1) and 485 glutamate-cysteine ligase catalytic subunit (gclc). If PCB126 were causing oxidative stress, it 486 would be expected that these genes would be upregulated in the wildtype embryos exposed to 487 PCB126; however, in these exposures, there was no change in expression of these genes with 488 PCB126 exposure and no difference between the two genotypes (Supplemental Fig. 2) . 489
Gene targets co-regulated by Ahr and Nrf2 490
Induction of the genes gsta1 and nqo1 can be regulated by both AHR and NRF2 after treatment 491 with TCDD in mice (Yeager, et al., 2009). Interestingly, nrf2a mutant eleutheroembryos had 492 higher basal expression of both of these genes, 4-5-fold more gsta1 and 2-fold higher 493 expression of nqo1 than the wildtype embryos at the DMSO, 2 nM and 5 nM PCB 126 494 treatment; however, there was no significant response to PCB126 (Fig. 8) . 495
Putative AREs can be found across Ahr and Nrf2 target promoters 496
To determine the potential for Nrf2 to have a direct effect on the abundance and function of the 497 genes, a bioinformatic search for putative mammalian (M) or zebrafish-specific (Z) AREs was 498 performed on all candidate genes. Mammalian and/or zebrafish-specific putative AREs were 499 found in each gene (Table 1) . Several genes had AREs within 1000 bp upstream or 100 bp 500 downstream of the transcription start site, often deemed key regulatory zones. These genes 501 include ahr1b, ahr2, ahrra, ahrrb, cyp1a, gstp1, hmox1, hsp70, keap1a, and nrf1b. A subset of 502 these genes have AREs within 100 bp of the beginning of Exon 1, including hsp70, nrf1b, gstp1, 503 ahrra, and ahr2. 504 Timme-Laragy, et al., 2012). In the present study, we used relatively low concentrations of 522 PCB126 that were not expected to cause severe and pervasive deformities. Yet, nrf2a fh318/fh318 523 fish were found to be more sensitive to PCB126 embryotoxicity, as measured by pericardial 524 edema area and craniofacial malformations; a surprising result was the transient nature of this 525 effect. We show here that at 4 dpf the nrf2a mutant embryos have more severe morphological 526 effects of PCB126 exposure (Fig. 2) , but by 5 dpf, these effects have largely equalized between 527 the genotypes (Fig. 3) . 528
Discussion
This study identified subtle developmental differences between the wildtype and nrf2a fh318/fh318 529 embryos and eleutheroembryos. There was a one day delay in swim bladder inflation, which is 530 one of the hallmarks of embryotoxicity caused by exposure to PCB126 and other dioxin-like-531 compounds (DLCs), and a shortened dorsal-ventral measure, reflecting a slightly smaller yolk 532 sac (Figs. 2-4) . Since the mutant embryos start out with larger yolks (at 3 hpf) than wildtype 533 embryos, we suggest that this smaller yolk may be due to an increased rate of yolk utilization by 534 the nrf2a fh318/fh318 embryos, and are conducting a follow-up study to better understand this. We identified putative AREs throughout the promoter regions of genes involved in the Ahr, Nrf2, 542 and general stress responses (Table 1) . Several Ahr targets and pathway genes have putative 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 18 AREs in their promoters within 1000 bp upstream or 100 bp downstream of the beginning of 544 Exon 1. These genes include ahr1b, ahr2, ahrra, ahrrb, and cyp1a. Because of the close 545 proximity of these loci to the TATAA box, it is highly possible that Nrf2 binding in these regions 546 may in some way affect transcriptional activation. Deletion of this region of the gstp1 gene , 2010) . Though these studies 555 confirmed NRF2 binding to a similar core of genes associated with the antioxidant response, 556 such as those included in glutathione synthesis and phase II metabolism, these studies also 557 identified novel targets for each cell line or tissue. 558
We identified significant changes in gene expression during development among the ahr target 559 genes that were altered in the absence of a fully-functional Nrf2a, with respect to both basal and 560 PCB126-inducible expression (summarized in Table 2 ). For example, nrf2a mutants had nearly 561 double the induction of cyp1a compared to wildtype fish in response to PCB126 (Fig.5A) . As Ahr 562 activation is directly related to the severity of deformities after exposure to DLCs, this finding 563 concurs with the enhanced severity of deformities observed in these mutants at the 4 dpf 564 timepoint (Fig. 2) this discrepancy in results pertaining to the basal and inducible expression of cyp1a in our study 572 and in the literature overall. There may be differences related to developmental events or the 573 inclusion of whole embryo gene expression compared to isolated adult liver tissues measured in 574 other studies. There may also be differences related to the dose and the inducer used. 575 576 3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 19
The greater induction in cyp1a expression in Nrf2a mutants in our study may also be due to 577 concurrent changes in expression of the aryl hydrocarbon receptor repressor (ahrr) genes. It is 578 conceivable that the diminished induction in expression of the ahrr genes could result in 579 diminished repression of Ahr2 transcriptional activity and subsequently contribute to the 580 enhanced expression of cyp1a in the mutants. The molecular mechanism by which Nrf2a affects 581 expression of ahrra and ahrrb is also unknown and requires further investigation. However, both 582 ahrr genes contain putative AREs in their promoters (7 in ahrra, and 6 in ahrrb; Table 1 ). For 583 both ahrra and ahrrb, there is an ARE proximal to the transcription start site, suggesting that 584 they may be directly induced by Nrf2 activation. Increasing PCB concentrations increased ahrra 585 and ahrrb expression in nrf2a mutants, albeit to a significantly lesser degree for ahrrb (Fig. 5) . 586
To our knowledge, the function of AHRR has not yet been examined in NRF2 knockout mice. 587
588
The induction of cyp1a in zebrafish is largely regulated by Ahr2, although some studies suggest 589 that Ahr1a, which is not capable of binding to TCDD (Karchner, et to induce ahr1a expression in zebrafish larvae at 48 or 72 hpf . In the 596 present study at 4 dpf, ahr1a and ahr1b were expressed more highly in wild-type embryos than 597 mutants and there was a dose-dependent increase in expression with increasing concentration 598 of PCBs in wild-type embryos (Fig. 5) . Interestingly, there was no induction in the mutant 599 embryos. This would suggest that Nrf2 activation may be necessary for upregulation of ahr1a 600 and ahr1b; the presence of putative AREs in their promoters provides additional support for this 601
mechanism. 602
It is important to note here that not all Ahr target genes responded in a similar manner in this 603 study (Table 2 ). For example, there are conflicting patterns with cyp1a being more inducible in 604 the nrf2a mutants, while the ahrr genes were less inducible. This has also been reported by 605 network interactions that will require further study to dissect the contribution of Nrf2. 607 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64 In the current study, we found that some Phase II genes we measured (nqo1, gsta1) were 622 expressed at higher levels in the nrf2a mutant fish compared to wildtype controls, with no 623 significant change in expression associated with PCB126 exposure in either genotype (Fig. 8) . It is important in interpreting our results to keep in mind the nature of this Nrf2a mutation; all 633 other functional elements of the Nrf2a protein remain intact, enabling full interactions with Keap1 634 and other proteins. This is inherently different from the NRF2 null mouse, in which the much of 635 the gene was removed and no functional NRF2 protein synthesized (Chan, et al., 1996) . 636
Other members of the nrf gene family are capable of binding to AREs and regulating gene 637 expression, and mammalian NRF1 and NRF2 have been shown to have some overlap in the 638 sets of genes that they regulate (Ohtsuji, et al., 2008) . We therefore considered the possibility 639 that in the nrf2a mutant embryos, other nrf family members may be compensating for the 640 deficient transcriptional activity of Nrf2a. Previous research demonstrated that the inducible, but 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 21 not basal, expression of nrf1a and nrf1b following exposure to tert butylhydroperoxide was 642 dependent on the presence of Nrf2a (Williams, et al., 2013) . However, we found no differences 643 in the basal expression of these genes, although there was a trend towards a reduced basal 644 expression in nrf1a, and nrf1b (Fig. 6) . Williams et al. identified ARE and XREs in the promoters 645 of the Nrf family members (nrf1a, nrf1b, nrf2b, nrf3, nfe2) , and with the exception of nrf3, 646 expression each of these can be upregulated by tert butylhydroperoxide (Williams, et al., 2013) . 647
In Nrf2a-morpholino embryos, the upregulation of nfe2, nrf1a, and nrf1b was either lost or 648 greatly diminished, but the upregulation of nrf3 was enhanced by Nrf2a knockdown. Here we 649 found that these nrf family genes, as well as the cytosolic repressor proteins keap1a and 650 keap1b were inducible by PCB126, but only in the wildtype eleutheroembryos (Fig. 6) , indicating 651 that Nrf2a is an important contributor to this response. 652
Our previous studies of the novel nrf2a gene paralog, nrf2b, identified a role for this gene in the 653 negative transcriptional regulation of tp53 and hmox1, and also showed that inducible 654 expression of both nrf2a and nrf2b was dependent on Ahr2 (Timme-Laragy, et al., 2012). We 655 expand upon that finding here, and have shown that inducible expression of nrf2b with PCB126 656 is also dependent on Nrf2a (Fig. 7) . Our data also provides support for the previously identified 657 negative transcriptional regulation of hmox1 by Nrf2b: the induction of hmox1 by PCB126 in the 658 wildtype embryos was not observed in the nrf2a mutant embryos, and this was correlated with 659 the increased expression of nrf2b. (5 nM or 7 µg/L). ROS generated at low PCB126 concentrations may be difficult to detect, and 669 may not have been captured in our experimental design. Or perhaps oxidative stress may not 670 be a primary factor contributing to the deformities caused by low concentrations of PCB126. 671
Another point of consideration is that nrf2a fh318/fh318 fish have been shown to be more sensitive 672 to some, but not all, sources of ROS and electrophiles. For example, while nrf2a mutants were 673 more sensitive to peroxides and acetaminophen, they were only moderately more sensitive to 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 22 paraquat, and not more sensitive to menadione (Mukaigasa, et al., 2012) . The only indication of 675 an oxidative stress response in our data was the upregulation of hmox1 by PCB126; otherwise 676 we did not identify changes in gene expression that would be typical of an oxidative stress 677 response (Hahn, et al., 2014) . This study used low concentrations of PCB126, yet still 678 demonstrated an important role for Nrf2a in the transcriptional response and embryotoxicity. 679
The mechanistic function of Nrf2a in these processes is not entirely clear, but these studies 680 suggest a noncanonical role of Nrf2a, or that interaction with the Ahr itself may be important. 
Conclusions
692
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